Does activation of serotonergic neurons in the caudal medullary raphe, some of which project to the nucleus of the solitary tract, shorten the laryngeal chemoreflex? r What is the main finding and its importance?
Introduction
We have been investigating the laryngeal chemoreflex (LCR) in piglets and rat pups to understand the neural mechanisms that control the duration and intensity of the apnoea caused by this reflex (van der Velde et al. 2003; Curran et al. 2005; Xia et al. 2009 Xia et al. , 2010 Xia et al. , 2011 Xia et al. , 2016 . Many investigators have suggested that the LCR is the first step in a process that starts with respiratory inhibition and apnoea and ends with failed termination of apnoea, failed restoration of regular breathing and failed arousal, leading to sudden infant death syndrome (SIDS) and asphyxial deaths in human infants (Downing & Lee, 1975; Page & Jeffery, 2000; Thach, 2001) .
The LCR consists of a complex set of behaviours (apnoea, swallowing, coughing, sometimes bradycardia and redistribution of blood flow) that serve to clear the reflex-eliciting substance(s) from the airway, protect against further entry of foreign substances and enhance survival during a period of hypoxic stress (van der Velde et al. 2003; . The LCR is elicited when water, solutions with a low chloride concentration or acidic solutions interact with receptors in the larynx (Boggs & Bartlett, 1982; St Hilaire et al. 2005) . Activation of putative water receptors (the receptors themselves have not been identified), possibly mechanoreceptors and acid-sensitive receptors seems to be important for eliciting the LCR (Harding et al. 1978; Mutoh et al. 2000; Roulier et al. 2003) . Afferent information from the larynx is transmitted to the brainstem by A-fibres and C fibres. It seems likely that information from water receptors and mechanoreceptors eliciting apnoea is conducted by A-fibres, and acid and inflammatory mediators (stimuli associated with potential tissue injury) seem to activate C fibres (Andresen et al. 2004 (Andresen et al. , 2012 . Both A-fibres and C fibres run in the internal branch of the superior laryngeal nerve, and both fibre types terminate in the nucleus of the solitary tract (NTS; Hayakawa et al. 2001) , where glutamate is released at the first, central synapses in the reflex pathway of the LCR. Glutamate activates second-order neurons within the NTS that, in turn, project to the ventral respiratory group in the medulla, where the activity from the NTS holds the respiratory cycle in an extended postinspiratory pause. Respiration is suspended in this postinspiratory apneusis until the apnoea is terminated, and the normal cyclic pattern of inspiratory, postinspiratory and expiratory activity is restored (Remmers et al. 1986; Czyzyk-Krzeska & Lawson, 1991) .
Our investigations of the LCR are predicated on a two-step hypothesis in which SIDS occurs in infants who, first, have an unusual propensity for prolonged apnoeas and, second, lack adequate mechanisms to terminate apnoeas and/or restore regular, eupnoeic breathing . Previously, we investigated the first part of this hypothesis, identifying risk factors for SIDS that increase the sensitivity and strength of the LCR (Xia et al. 2009 (Xia et al. , 2011 (Xia et al. , 2016 . More recently, we turned our attention to the second part of the hypothesis. Babies who died of SIDS appear to have had deficient serotonergic function (Kinney et al. 2003; Paterson et al. 2006; Duncan et al. 2010) . Similar serotonin system deficits have been described in babies who died of asphyxia (Randall et al. 2013) . The activity of serotonergic neurons is strongly associated with the waking state (McGinty & Harper, 1976; Veasey et al. 1995; Jacobs & Fornal, 1999) and may be associated with arousal responses in the transition from sleep to wakefulness Buchanan & Richerson, 2010) . Thus, in the context of our two-step hypothesis of SIDS, serotonin may have a variety of beneficial effects. Serotonin may participate in restoration of eupnoea (St-John & Leiter, 2008) , and it may be associated with arousal from sleep (Darnall et al. 2016) , the state in which SIDS appears to occur most commonly. In addition, we recently tested the hypothesis that serotonin injected into the NTS would shorten the LCR. This hypothesis was confirmed (Donnelly et al. 2016) ; serotonin within the NTS shortened the LCR by a process that depended on activation of the serotonin 3 (5-HT 3 ) receptor, a receptor that has not previously been associated with SIDS. The 5-HT 3 receptor is expressed in the commissural region of the NTS, and it is known to be expressed presynaptically on C-fibre afferents (Miquel et al. 2002; Jeggo et al. 2005) . Therefore, 5-HT 3 receptors are well situated to modify the quality and duration of the LCR and may play a role in terminating apnoeic events. Microinjecting exogenous serotonin into the NTS shortens the LCR, but tells us nothing about potential sources of endogenous serotonin that might normally affect the duration of reflex apnoeas. The raphe pallidus and raphe obscurus send projections to the NTS that enter the NTS near its rostral end, but extend to projection sites caudally beyond the obex (Palkovits et al. 1986 ). Therefore, we tested the hypothesis that activation of neurons within the caudal raphe would shorten the LCR in rat pups by a serotonergic mechanism involving 5-HT 3 receptors located in the NTS.
Methods

Ethical approval
The Institutional Animal Care and Use Committee of Dartmouth College approved all surgical and experimental protocols [Approval number: 00002006 (m1)]. We included both male and female Sprague-Dawley rat pups ranging in age from postnatal day 9 to 17 in all sets of experiments.
Surgical preparation
We determined the sex and weight of each animal, and then administered 1.5 g kg −1 urethane (U2500; Sigma-Aldrich, Activation of the caudal raphe shortens the laryngeal chemoreflex St Louis, MO, USA) and 10 mg kg −1 chloralose (C0128; Sigma-Aldrich) in 0.9% saline by I.P. injection. We maintained body temperature at ß34°C using a rectal temperature probe (RET-4; Physitemp, Clifton, NJ, USA) connected to a Physitemp TCAT-2 DF servo-controller, which regulated a heat lamp positioned over the animal. After each animal reached a surgical plane of anaesthesia (lack of withdrawal reflex or significant change in heart or respiratory rate following a toe pinch), we inserted two 30-gauge platinum needle electrodes (F-E2M; Grass Technologies, West Warwick, RI, USA) subcutaneously over the chest to record ECG activity. We amplified (×100) and filtered (low cut-off 30 Hz, high cut-off 500 kHz) signals from the ECG leads using a DAM-80 AC differential amplifier (World Precision Instruments, Sarasota, FL, USA). We inserted a second pair of needle electrodes into the intercostal muscles in the region of the ninth to 11th ribs to monitor respiratory EMG activity. We secured both electrode pairs with small amounts of cyanoacrylate glue. We amplified (×1000) and filtered (low cut-off 30 Hz, high cut-off 500 Hz, 60 Hz notch) the EMG signals using Iso-DAM8A amplifiers (World Precision Instruments). We sampled both ECG and EMG signals at 1 kHz using a USB-6009 driven by a custom LabVIEW program (National Instruments, Austin, TX, USA).
We placed the animal supine, exposed the trachea and larynx, incised the anterior wall of the trachea circumferentially between adjacent rings of cartilage and placed a polytetrafluoroethylene breathing tube (19-23 gauge) in the caudal segment. We inserted a length of PE-50 tubing into the rostral trachea and advanced it until its tip was near the caudal border of the larynx; this tubing was used to deliver microlitre amounts of distilled water retrograde into the larynx to elicit the LCR. Calibrated amounts of water were injected using a syringe pump. We secured both tubes into the trachea using 4-0 silk sutures and cyanoacrylate adhesive.
We then placed the animal in the prone position on the edge of an elevated platform and secured its head in a ventrally flexed position using surgical tape. We exposed the foramen magnum by removing the skin and bluntly dissecting the overlying muscle tissue. We used the tip of a 32-gauge needle to incise the membranes covering the foramen. This exposed the cerebrospinal fluid and floor of the fourth ventricle to provide access for focal microinjections. We made 50 nl, focal injections through fine, pulled glass pipettes using a Picospritzer II (Parker Hannifin, Cleveland, OH, USA). Drugs used included the 5-HT 3 antagonist ondansetron (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and AMPA (S-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; Tocris Bioscience, Bristol, UK), an agonist at the non-NMDA, AMPA receptor. The microinjections were made immediately caudal and lateral (within 1 mm in both directions) to the termination of the floor of the fourth ventricle near the medial portion of the gracile nucleus. The glass pipettes were held in a micromanipulator perpendicular to the surface of the brainstem to allow precise control over the location and depth of microinjection. The microinjections were made with a Picospritzer (Parker Hannifin Precision Fluidics Division, East Pine Brook, NJ, USA). The regulator pressure and pulse duration of the Picopsritzer were adjusted so that five to 10 pulses created spherical droplets that ranged between ß0.45 and 0.5 mm in diameter as measured by a 0.1 mm graded microscale (Ted Pella Inc., Redding, CA, USA). These spherical volumes resulted in microinjections ranging between 48 and 65 nl. All microinjections included either 0.02% of yellow-green fluorescent 0.4-μm-diameter carboxylated latex microspheres (Fluoresbrite; PolySciences, Inc., Warrington, PA, USA) or 1% red 'Retrobeads' (LumaFluor Inc., Durham, NC, USA) for verification of injection locations.
Laryngeal chemoreflex protocol
After opening the foramen magnum, we elicited the LCR with small volumes of water injected rostrally into the larynx. We started with 2-4 μl and increased the volume until an LCR-associated apnoea of a consistent, moderate duration (usually 2-5 s) was elicited. Once established in each animal, we held the stimulus volume constant for the duration of each experiment. Effective water stimulus volumes were between 10 and 30 μl (mean ± SD volume = 19 ± 10 μl). We gave a minimum of three stimulations using the effective volume to establish a baseline response. Next, we focally microinjected drugs in vehicle or vehicle alone into the NTS and into the caudal raphe in the sequences outlined in the Results section. After each microinjection or combination of microinjections, we elicited the LCR at least three times. We waited 20 min between stimulations to allow the animal to clear the water from the larynx, to allow breathing to recover and to minimize accommodation to the stimulus. After each experiment, we killed the animal by an anaesthetic overdose. We decapitated each animal and carefully removed the brain to determine the injection location.
Neuroanatomy
We fixed the brains by immersion in ß20 volumes of 4% paraformaldehyde in 10 mM PBS for a minimum of 48 h at room temperature, and cryoprotected them by immersion in tubes of 30% sucrose in 10 mM PBS until they no longer floated. We blocked the brains, froze them in an aqueous cutting medium (Tissue-Tek OCT; Sakura Finetek, Torrance, CA, USA) and sectioned them on a cryostat (CM 3050 S; Leica, Buffalo Grove, IL, USA) at 40 or 50 μm. We examined and photographed cut slices before W. T. Donnelly and others they dried using an E800 microscope (Nikon, Melville, NY, USA) with a mercury arc lamp using appropriate filters for the fluorescence profile of the beads used. We compared anatomical landmarks visible on each slice with those shown on atlas plates to determine the location of each injection in the brainstem and plotted each location on the atlas plate that corresponded most closely to its position in the brain (Paxinos & Watson, 1998) .
Data analysis and statistics
We measured the effect on respiration of each water stimulus in two ways. First, we measured the duration of the apnoea, which we defined as the period from the onset of the last breath before the water stimulus was given until the start of the first obvious respiratory activity following the stimulus. Second, we measured the duration from the onset of the last breath before the water stimulus until the start of the first of five regular breaths after the stimulus (regular in rhythm, but not necessarily amplitude), a more comprehensive measure of respiratory disruption and instability that we refer to as the LCR. We found in previous studies (Curran et al. 2005; Xia et al. 2007 ) that this dual set of measurements provided a more robust measurement of respiratory disruption than either measurement alone. Data are presented as means ± SD.
In general, we compared apnoea and LCR durations before and after focal microinjection of drugs or vehicle. We made comparisons between the particular drug being microinjected and control, vehicle microinjections in different animals (a between-subjects factor), and between the responses before and after microinjection of the drug or control solution into the raphe obscurus or into the caudal raphe or into the caudal raphe and the NTS in each animal (a within-subjects comparison). The variances of the durations of apnoea and the LCR were not homogeneous, and the data were not normally distributed. Therefore, we logarithmically transformed these data and made comparisons among treatments using a two-way ANOVA (drug treatment group by pre-post microinjection time) in Systat 9 (SPSS Inc., Chicago, IL, USA). We incorporated age as a random effect in some of these analyses. When the ANOVA indicated that significant differences existed among treatments, specific, preplanned comparisons were made using P values adjusted by the Bonferroni method.
Results
Excitation of the caudal raphe shortens the LCR
Examples of the LCR from a postnatal day 11 female rat pup are shown in Fig. 1A . The LCR prior to AMPA injection into the caudal raphe is shown in the upper panel, and an example of the LCR after microinjection of AMPA into the caudal raphe is shown in the lower panel. In both instances, 12 μl of water was injected retrograde into the larynx to elicit the LCR at the point indicated by the downward arrows. Prior to AMP injection into the caudal raphe, the duration of apnoea was 3.09 s and the duration of the LCR was 3.97 s. After AMPA microinjection into the caudal raphe, both the apnoea duration (0.98 s) and LCR duration (3.33 s) were shorter. A photomicrograph of a single section of the brainstem that includes the caudal raphe is shown in Fig. 1B to indicate the site of microinjection, where a concentration of fluorescent microbeads can be seen. A, examples of the laryngeal chemoreflex (LCR) elicited in a postnatal day 11, female rat pup by injecting 12 μl of water into the larynx are shown before any brainstem treatment (top panel) and after 50 nl of 100 μM AMPA was microinjected into the caudal raphe (bottom panel). Note that the LCR and apnoea were shorter after AMPA was microinjected into the nucleus of the solitary tract. The downward arrows above the traces of diaphragmatic EMG activity indicate the time of water injection into the larynx. Abbreviation: a.u., arbitrary units. B, the site of microinjection into the caudal raphe is shown in a photomicrograph of a section of the brainstem. The scale bar is 500 μm long. Activation of the caudal raphe shortens the laryngeal chemoreflex
The individual and mean ± SD apnoea and LCR durations in the baseline control conditions and after vehicle or AMPA injection into the caudal raphe are shown in Fig. 2 . Vehicle microinjection had no impact on either apnoea or LCR durations. In contrast, microinjection of 50 nl of 100 μM AMPA into the caudal raphe significantly shortened the duration of apnoea (P < 0.001) and shortened the duration of the LCR (P < 0.005). The volume of water injected to elicit the LCR did not differ between vehicle and AMPA treatment groups. The animals in each group were of equivalent weight, but the vehicle-treated animals were on average 10.9 ± 1.5 days old, whereas the AMPA-treated animals were 12.4 ± 1.43 days old (P = 0.032). Nevertheless, when we included animal age as a covariate in the ANOVA analyszing apnoea or LCR duration, there was no dependence of apnoea or LCR duration on animal age within the treatment groups. The sites of microinjections of vehicle and AMPA are also shown in Fig. 2 in the bottom panels, and the vehicle and AMPA were injected 
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into similar locations in the caudal raphe. The results of this experiment indicate that activation of neurons within the caudal raphe can shorten the LCR duration, but there are both serotonergic and non-serotonergic neurons in the caudal raphe, and the shortening of the LCR cannot be attributed to any specific neuronal type based on these findings.
Activation of caudal raphe neurons shortens the LCR by a serotonergic mechanism
Some of the serotonergic neurons within the caudal raphe project to the NTS, and we previously demonstrated that serotonin, acting through 5-HT 3 receptors, shortened the LCR (Donnelly et al. 2016 ). Therefore, we tested the hypothesis that AMPA activated serotonergic neurons in the caudal raphe, which released serotonin in the NTS in the region of the subcommissural nucleus, where we believe that serotonin binds to 5-HT 3 receptors to shorten the LCR.
To test this hypothesis, we microinjected 50 nl of 30 mM ondansetron, a selective 5-HT 3 receptor antagonist, or 50 nl of vehicle bilaterally in the NTS to determine whether blocking 5-HT 3 receptors in the NTS would prevent the shortening of the LCR mediated by AMPA injected into the caudal raphe. The individual and mean ± SD apnoea and LCR durations in the baseline control condition and after ondansetron injection into the NTS and AMPA injection into the caudal raphe are shown in Fig. 3 along with schematic representations of the brainstem showing both sites of injections. A photomicrograph of a representative single transection through the brainstem is shown in Fig. 3C , and the locations of the bilateral injections into the NTS are shown by the concentrations of fluorescent microbeads at each injection site. Vehicle microinjections into the NTS did not alter the ability of AMPA microinjected into the caudal raphe to shorten the durations of apnoea and the LCR following injection of water into the larynx (P < 0.001 for both variables) compared with the baseline in these animals. In contrast, AMPA microinjected into the caudal raphe had no significant effect on either apnoea or LCR duration in animals given bilateral microinjections of ondansetron into the NTS. The initial apnoea and LCR durations were significantly longer in the control, vehicle-microinjected group compared with the AMPA-microinjected animals (P = 0.024 for apnoea duration and P = 0.005 for the LCR). The animal ages and weights and the stimulus volumes used to elicit the LCR were indistinguishable in the ondansetron-treated animals compared with the vehicle-treated animals or the AMPA-alone studies. The locations of the caudal raphe injections of AMPA were similar in the control, vehicle-treated and the ondansetron-treated animals and similar to those in the preceding experiment (Fig. 3C) . Therefore, the difference in starting values probably represents the normal variation of the LCR among different samples of rat pups.
Discussion
Activation of neurons in the caudal raphe shortens the LCR
When AMPA was injected into the caudal raphe, the duration of apnoea and the LCR elicited by injecting water into the larynx was significantly shortened. AMPA is a glutamate receptor agonist, and glutamate receptors are ubiquitous on neurons. Serotonergic neurons are concentrated within the caudal raphe, and by combining blockade of 5-HT 3 receptors in the NTS, which we have previously shown to mediate serotonergic shortening of the LCR (Donnelly et al. 2016) , with AMPA-mediated activation of caudal raphe neurons, we demonstrated that activation of presumably serotonergic neurons within the caudal raphe releases serotonin in the NTS, where it interacts with 5-HT 3 receptors to shorten the LCR.
The raphe pallidus and raphe obscurus send many projections to the NTS. These projections enter the NTS near its rostral end, but extend to sites caudally beyond the obex (Palkovits et al. 1986 ). Many serotonergic projections to the NTS contain other neurotransmitters and neuromodulators along with serotonin, such as substance P and thyrotrophin-releasing hormone (Bowker et al. 1983; Thor et al. 1990 ). The ability of ondansetron to block the effect of AMPA injected into the caudal raphe makes it likely that the AMPA excited, at a minimum, serotonergic neurons in the caudal raphe that project to the commissural subnucleus of the NTS, where 5-HT 3 receptors and second-order neurons mediating the LCR are concentrated. Given that ondansetron completely blocked the effect of activation of caudal raphe neurons by AMPA, there is little evidence of any effect of co-released substance P or thyrotrophin-releasing hormone or any other neurotransmitter to explain the shortening of the LCR elicited by excitation of caudal raphe neurons in our study.
We inferred the probable location of our microinjections based on the adult stereotaxic atlas for rats (Paxinos & Watson, 1998) . Given this limitation, the raphe obscurus is the most likely nuclear origin for the neurons that were excited by AMPA. The raphe obscurus is in the mid-line and extends rostrocaudally through a large extent of the medulla from the vicinity of the facial nucleus to the obex. Most of the fluorescent beads were found in the caudal third of the nucleus (Figs 1 and 2) . Even though the beads were concentrated in the region of the raphe obscurus, we suspect that other caudal raphe nuclei containing serotonergic neurons, the raphe magnus and raphe pallidus, which also send projections to the NTS Activation of the caudal raphe shortens the laryngeal chemoreflex (NTS) . B, the sites of microinjections into both the NTS ('X') and the caudal raphe ('O') are shown in the anatomical schematic diagrams. The plate number from Paxinos & Watson (1998) is indicated on each schematic section. C, a representative photomicrograph of a single section though the NTS is shown to demonstrate how the sites of microinjection were identified by the presence of fluorescent microbeads. * P < 0.05; n.s., not statistically significant from the pretreatment control conditions. The scale bar represents 500 μm. (Thor et al. 1990) , may also play a role in terminating apnoeas and restoring eupnoea. The location of 5-HT 3 receptors within the NTS has previously been a subject of some debate. A consensus was developed that the majority of the 5-HT 3 receptors in the NTS were in the subnucleus gelatinosus (also known as the area subpostrema) and in the commissural subnucleus (Pratt et al. 1990 ). The 5-HT 3 receptors appear to be located presynaptically on afferents from the nodose ganglion, as unilateral ganglionectomy resulted in the loss of ß75% of 5-HT 3 binding in the ipsilateral NTS (Pratt & Bowery, 1989) . Based on our previous study demonstrating that 5-HT 3 receptor agonists microinjected into the NTS shortened the LCR, we speculated that 5-HT 3 receptors mediating the LCR shortening are presynaptic receptors on vagal afferent fibres synapsing on to GABAergic interneurons in the NTS (of which there are many), and that 5-HT 3 activation increases synaptic calcium concentrations and enhances GABA release onto the second-order glutamatergic neurons mediating the LCR, thereby inhibiting them and terminating the apnoea (Donnelly et al. 2016) . We must note, however, that enhanced adenosine acting through a GABAergic mechanism may also prolong the LCR Duy et al. 2010) . We cannot reconcile these divergent, putative GABAergic effects on the LCR at this time, but there are multiple GABAergic neurons within the NTS and, depending on the particular neural circuit, GABA may be either directly inhibitory or excitatory by virtue of inhibition or disfacilitation of inhibitory inputs to the LCR. We suspect, but cannot yet prove, that both serotonin and adenosine activate GABAergic processes that inhibit the LCR directly in the case of serotonin and indirectly by inhibiting or disfacilitating inhibition of the LCR in the case of adenosine.
We believe that terminating apnoea is an essential first step in restoring eupnoea. The reflex apnoea elicited by the LCR has been called postinspiratory apneusis, and until the apparently excitatory effects of second-order neurons in the NTS on postinspiratory neurons are terminated, eupnoea cannot be restored. Reflex apnoeic excitation of postinspiratory neurons prevents, in our view, the onset of the expiratory phase of the neural respiratory cycle and prevents the restoration of eupnoea. Thus, two things must occur to allow the restoration of normal breathing: the apnoea-generating second-order neurons in the NTS must be inhibited or disfacilitated, and the other respiratory neurons that usually sustain eupnoea must be activated. Based on our findings and previous work by others, activation of serotonergic caudal raphe neurons may serve both functions, but the activities appear to be segregated by serotoninergic receptor subtype; the 5-HT 3 receptors are important in terminating apnoea, and 5-HT 2 and 5-HT 4 receptors appear to be important in stimulating eupnoea (St-John & Leiter, 2008; Ptak et al. 2009 ).
Roles of the LCR and serotonin in SIDS
Our investigations of the LCR are predicated on a two-step hypothesis in which SIDS occurs in infants who, first, have an unusual propensity for prolonged apnoeas and, second, lack adequate mechanisms to terminate apnoeas and/or restore regular, eupnoeic breathing . Our previous studies investigated the first part of this hypothesis, identifying factors that increase the sensitivity and strength of the LCR. We have demonstrated in animals that many risk factors for SIDS sensitize and prolong the LCR. Among these risk factors are maternal cigarette smoke exposure (Xia et al. 2009 ), specifically intrauterine nicotine exposure through the mother , and these environmental exposures sensitize the LCR and exaggerate thermal prolongation of the LCR, which may be associated with thermal stress (Curran et al. 2005) . Moreover, thermal prolongation of the LCR is mediated by activation of transient receptor potential vanilloid 1 (TRPV1) channels (Xia et al. 2011) , which also appear to cause a form of reflex allodynia when cytokines, such as interleukin-1β or interleukin-6, cause phosphorylation of the TRPV1 channels (Xia et al. 2016) . Thus, risk factors for SIDS, such as maternal smoking, thermal stress and recent infections, all serve to sensitize and enhance the LCR, and possibly other apnoea-generating reflexes.
More recently, we turned our attention to the second part of the hypothesis, apnoea termination, restoration of eupnoea and arousal. Approximately three-quarters of babies who died of SIDS have evidence of serotonergic abnormalities in the brainstem (Paterson et al. 2006 ), and we have been testing the hypothesis that reduced serotonergic function may interact with sensitization of the LCR to prolong apnoeas. The results of the present study indicate that serotonin originating in the caudal raphe and acting through 5-HT 3 receptors in the NTS shortens or terminates the LCR.
Termination of apnoeas is only part of the process of recovery from apnoeas, especially those associated with severe brain hypoxia. Termination of severe apnoeas relies on autoresuscitation (Guntheroth & Kawabori, 1975) , which occurs when brain oxygen concentrations become so low that gasping emerges. This is followed by restoration of eupnoea and arousal if gasping restores oxygenation. We believe that gasping, termination of apnoea, restoration of eupnoea and arousal are mechanistically separable processes (Leiter, 2009) . For example, some infants terminate apnoeas, restore eupnoea and arouse without any evidence of gasping, and some infants restore eupnoea without a full arousal, although a full cortical arousal occurs in many instances (McNamara et al. 2002; Horne et al. 2005) .
Inherent to this description of the sequence of autoresuscitation, restoration of eupnoea and arousal is the idea that the recovery from apnoea begins caudally in the brainstem and moves rostrally to completion when cortical arousal and wakefulness are achieved. Serotonin, arising in the caudal raphe, seems to provide important organizing inputs along the entire caudal-to-rostral axis of the autoresuscitation to arousal process. In the context of our two-step hypothesis of SIDS, serotonin may have a variety of beneficial effects. Serotonin may terminate reflex apnoeas; it may participate in restoring eupnoea (St-John & Leiter, 2008) , and it may be associated with arousal from sleep (Darnall et al. 2016) , the state in which SIDS appears to occur most commonly. Previous studies demonstrated that serotonin deficiency reduced the effectiveness of autoresuscitation (Erikson et al. 2007; Erikson & Sposato, 2009; Cummings et al. 2011; Givan & Cummings, 2016) , and experimentally augmenting serotonergic function restored effective autoresuscitation in serotonin-deficient mice (Chen et al. 2013) . Serotonin also stimulates eupnoea by acting on 5-HT 2 and 5-HT 4 receptors in the ventral medulla (St-John & Leiter, 2008; Ptak et al. 2009 ).
Cortical arousal depends on an ascending arousal system that originates in the rostral pons and includes the parabrachial nucleus, which projects to the basal forebrain, which in turn projects to the cortex (Fuller et al. 2011) . The parabrachial nucleus seems to be an important integration site of arousing stimuli related to hypercapnia, which accompanies prolonged apnoeas (Kaur et al. 2013) . The parabrachial nucleus also receives serotonergic inputs from the serotonergic raphe nuclei, including the dorsal raphe (Miller et al. 2011; Bang et al. 2012) , and serotonergic inputs interacting with 5-HT2 A receptors are required for arousal from hypercapnia (Buchanan & Richerson, 2010; Buchanan et al. 2015) . Given that systemic administration of 5-HT2 A agonists restored the arousal response in transgenic mice lacking serotonergic neurons, the restoration of arousal does not seem to depend on the hypercapnic sensitivity of serotonergic neurons (Kaur et al. 2013) .
The serotonin mediating these arousing effects probably originates from a cluster of serotonergic nuclei in the caudal brainstem (Darnall et al. 2016) . Thus, rostral serotonergic projections from the caudal raphe may have three separable functions, each associated with a different set of serotonergic receptor subtypes and each associated with a different target region of the brain. Serotonin inhibits apnoea by acting through 5-HT 3 receptors in the NTS; it promotes eupnoea by acting through 5-HT 2 and 5-HT 4 receptors in the ventral medulla; and it promotes cortical arousal by acting in the parabrachial nucleus, probably through 5-HT2 A receptors. These serotonergic processes normally proceed serially from caudal to more rostral nuclei as outlined above, but may become arrested at more caudal elements in the process. For example, it appears to us that eupnoea cannot be restored until apnoea is first terminated; persistent apnoea and restoration of eupnoea are mutually exclusive processes. We do not know whether eupnoea is a necessary precursor to subcortical and cortical arousal following apnoeas, but hypoxia associated with apnoeas may depress cortical function, and so some restoration of eupnoeic activity and consequent reduction in hypoxia may necessarily precede arousal.
Serotonergic defects are common in babies who died of SIDS (Paterson et al. 2006; Duncan et al. 2010) and also in babies who died of asphyxia (Randall et al. 2013) . Hence, difficulty in terminating apnoea, restoring eupnoea and arousing from sleep are likely to contribute to deaths in infants that were attributed to both to asphyxia and to SIDS. Serotonergic defects are not, however, universal in babies who died of either SIDS or asphyxia (Paterson et al. 2006; Randall et al. 2013) . We suspect that in some infants, the sensitization of the LCR (and possibly other reflex apnoea mechanisms) plays a more important role, whereas in other infants, the serotonergic defects in apnoea termination, restoration of eupnoea or arousal responses (or all three) are the dominant factor(s).
Limitations of the study
We conducted studies in anaesthetized animals. We selected chloralose and urethane because they maintain a stable plane of anaesthesia and are supposed to leave cardiorespiratory reflexes somewhat intact (Maggi & Meli, 1986) . Nevertheless, the level of anaesthesia probably differed among animals. We compensated for differences in anaesthesia level by varying the stimulus intensity (volume of water injected into the larynx), but then we were unable to give a constant stimulus to each animal. However, many of the important comparisons in this study were made within each animal, and this experimental design mitigates the adverse effect of variable anaesthesia among animals. Nevertheless, it is likely that the average LCR duration was enhanced in all animals by the presence of anaesthesia. Moreover, the presence of anaesthesia means that we can identify pathways of neuronal communication, but we cannot extrapolate easily to predict the activity of these pathways in non-anaesthetized animals.
We gave the laryngeal stimulus retrograde, which does not replicate the normal pattern of activation of the LCR. This too is likely to increase the severity of the LCR, because it is our impression that receptors in and immediately below the LCR lead to more intense reflex activation (van der Velde et al. 2003) .
Last, we do not know the full extent of drug diffusion within the brain. The distribution of fluorescent beads is an imperfect reflection of how far from the site of injection the drugs diffuse. The drugs that we gave are probably more mobile within the brain tissue than the microbeads. Therefore, we have tried to interpret the localization of the drug effects conservatively; activation of serotoninergic neurons within all of the caudal raphe nuclei, not only the raphe obscurus, probably contribute to the termination of apnoeas. The concentration of 5-HT 3 receptors in the NTS is restricted, and it seems likely that the 5-HT 3 responses are genuinely confined to the commissural subnucleus of the NTS.
Summary
We found that AMPA injected into the caudal raphe shortened the LCR. We believe that AMPA activated serotonergic neurons, at a minimum, that project to the NTS, where serotonin acted through 5-HT 3 receptors to shorten and terminate the LCR. In infants, we suspect that excitation of serotonergic neurons in the caudal raphe is part of an arousal process that starts by terminating reflex apnoea, fosters eupnoeic respiration and causes a change in state to wakefulness to achieve stable and effective gas exchange and oxygenation , and we believe that activation of 5-HT 3 receptors in the NTS is an important part of this three-step serotonergic arousal response that terminates the LCR and other reflex apnoeas.
